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REsEmoH MEMORANDUM

INVESTIGATION OF A GYRO-ACTUATED ROLL

INSTALZED IN A SUBSONIC !EESI!VEHICLE

Teitelbaum and Ernest C. Seabrg

SUMMARY

The results of subsonic wind-tunnel and flight tests of a gyro-
actuated roll control system installed in a tailless subsonic test vehicleI
having an elliptical body-of-revolution-type fuselage and sweptback wings
me presented herein. The wtid-tunnel tests were conducted in the high-
speed 7- by IQ-foot tunnel at the NACA Langley Laboratory, end the mdel
was launched in free flight at the NACA Pilotless Aircre$t Research
Station at Wellops Island, Va.

The gyro-actuated control system employed in these tests to obtain
roll stabilization of the nmdel is a system which Idnks the control
surface directly to the displacement -scope snd employs a torque
motor to limlt gyroscope precession. The linklng of the control surfaces
directly to the gyroscope results in .0aautopilot system which gives a
no-lsg control response to a model displacement without resorting to
velocity or acceleration-sensitive devices.

The results of the tests conducted indicate that the gyro-sctuated
control system Is a prscticel method for obtaining roll stabilization
of pilotless airoreft. b application of this system, the control-
surface hinge mment of the test vehicle determines the output requi.re-
gmnts of the torque motor while the precession rate of the ~oscope
csxsed by this hinge moment determines the
teristics of the torque nmtor.

711TRODUCTION

required response chsrac-

As part of the general.research programon guided missiles, the
NACA has been conducting a series of automatic stabilization tests
smploying various autopilot systems installed - a subsonic rocket-
propelled test vehicle. In the Initial unpublished phase of the
progrem, flight tests were conducted using a modified German V-1 auto-
pilot consisting of a two-gimbal air-driven displacement -scope
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and edr-driven rate gyroscopes actuating pneti-tic “servo&”torsfor yaw and
-p-

itch control. Roll stabilizationw- obtained by use of electrically
operated displacement smd rate gyroscopes sctuating flicker-pneumatic ●

servomotors. ti another test, systas for pitchs mw~ * roll cont~l
based on the roll-stabilizationmethod used in the initial tests were
employed. In these tests, stabilization of the nmdel in all three
controlled pl~es was not obtained because of operatioti failures of
one or more of the many components required to construct each system.

In en attempt to construct an autopilot system capable of satisfyiQ
tie rapid autopilot response requirements needed for supersonic flight
of pilotless aircraftj and at the same ttme simplifying the control
mechanism, the tests reported herein were conducted employing a gyro-
actuated control system in omier to obtain roll stabilization. This
system, which IAnlcsthe control su??faoedirecti# to a displacement

-.

-scope ~ has a to~ue motor to limit ggmscope precession, eliminates
—.

the need for a rate -scope end replaces a p~cision servomotor with
a slower-acting torque motor. By linking the control sui’facedirectly
to the woscope, it is possible to approximate a no-lead no-lag auto-
pilot system without resorting to velocity or acceleration-sensitive
devices.

In these tests, no attempt was made to control the ~del in pitch

—

end yaw. Mtially, a theoretical investigationwas conducted b~ed on
.

the assumption that the model-autopilot conibinationwas a-single degree-
of-freedom system in roll.. Tests of the model having freedom in roll
were then conducted in the Langley high-speed ~- by 10-foot tunnel, *-

and the results of the tests campaed to the theoretical analysis.
FinaUy, the model was tested in free flight.

APPARATm

The autopilot used in the

Autopilot

present tests was designed to stabilize

—

the model in ;o1l only. The sy&mm employed is one w~ich dizwctly
couples the gyroscope to the control surface, as sh~”ti figures 1
end 2. A commercial aircraft directional stability autopilot was
modified by the Instrument Research Division of the Langley Laboratory
for these initial tests of the system. The autopilot, contained a
two-gimbal ”gyroscope,which was so positioned that the outer gimbal
was &lined with the longitudinal axis of the model in order to maintain —

freedom in roll, end the inner gimbal was &dined to have freedom In the
yawing plane. A cem was rigidly attached to the outer gtdbal so that

*

the cam would maintain its roll Position”in space regardless of the
m.. .

—
●
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roll.attitude of the
surfaces were meshed

mdel. Throu@ a series
with the cam. Change in

of linkages~ the roll control
roll attitude of the model

moved the linka+?eattachment position on-the cem in such a manner aa to
give a specific-amount of con%ml-surface deflection per degree of roll
displacement. Three clifferent cans were constructed having values of
control gearing ratio K (the %io of the total aileron deflection per

1
degee roll.displacement) equal to 2, 1, and ~. In all three cases, the

cams were designed to IAmit the total tileron control deflection to 20°
for roll in either direction. Should the model nll l@O, the cams were
designed to cause the control-surface deflection to reverse sad continue
the roll until the model returned to the zero mll position.

h operation, the control-surface deflection would cause a hinge
mmnent to be transmitted to the gyroscope through the linkage end cam. .
This hinge nmmnt or torque, when applied to the outer gimbal of the
~scope, caused a precession of the inner gimbal in the yaw plane.
Electrical piclmffs, which were located to detect the yaw displacement
of the gyroscope, actuated.the friction clutch of a torque motor in such
a msmner as to apply a counteracting torque in order to stop the precession
of the -scope and, therefore, basically supply the energy required to
overcome the hti~ moments of the deflected control surfaces. These
electrical piclmffs were so constructed that the moment created on the

. inner giribalby them would be negligible, end with a sufficient deed spot
region to eldminate the possibility of the torque nmt~r hunting. During
operation, any play in the control linkage would csuse a decrease in the

# effective control gearing ratio without affecting the phasing of the
control response to mdel displaoemnt as the control hing~ mments tend
to keep the linkage tight.

The action of this roll systau is unaffected by yew end pitch of the
model when they occur independently. %wever, under the caibtied action
of the model in pitch and yaw the gyroscope will lose its roll reference
aa this is an inherent limitation o-fa free gyroscope. The action of
the torque nmtor is advantageous, however, since it maintains a perpen-
dicular relation between the inner and outer @ibsLs, thus meventiruz
locking of the gimbals.

For these tests, a -scope having en anguler
pound-seconds was employed end.the torque ndor was
approximately 45 inch-pounds of torque to the outer
scope through a friction clutch.

MOael
●

The model used for these tests‘was essentially

momentum of 4.71 foot-
capable of producing
@ibsl of the gyzm-

a tailless aixmlane
with sweptback crucifozm wings. ‘llhemodel waa la&ched from a ze~-
length launching rack with the~aid of a four-fin booster containing ab

. ..
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rockEJt motor delivering 10~000 lounds of thrust for 1.8 seconds. After
booster burn-out and sep=ation, the model maintained a flight ~elocity
of approximately @ feet per second with the tid of m internal sustafner
rocket motor producing about 2(x)pounds of thrust for 45 seconds.

A slmtch of the model and booster
chemcteristics are given in table 1.

Wind-Tunnel

is shown in figure 3 end the physical

Tests

The model was installed in the wind-tunnel on fore-end-aft sup~orts as
shown in figure 4 to pezmit roll freedom and was instrumented to record the
folJmwing: .

“ ‘(l)

(2)

“(3)

(4)

(5)

Right horizontal aileron position

Lower vertical aileron position

Angle of bank

Torque motor signal for counterclockwise gyroscope precession ““ -

Torque nmtor signal for clockwise -scope precession

Wind-tunnel tests were conducted with the autopilot containing each

cem (that is, having control gearing ratios of 2, 1, or ~ at various Mach

nurabersfron O.5 to 0.7).

r

——

.

..—

Flight Test
.- .-

For the flight test, the autopilot with the csm having a control
geax~g ratio of 2 wea employed. A -pulsingunit was installed to disturb
the model in roll. This unit, powered by a pneumatic servo, ceazsedthe
vertical ailerons to move intermittently between 0° end 12° total aileron
deflection for intervals of 4 end 2 seconds, respectively.

A six-channel telemeter was installed in the model to trenamit to
recotiing sbationo located near the launching site the following Items
within the limits noted between the parenthesis signs:

(1) Lower vertical control position (-W” to+6°)

(2) Right horizont& control positfon (LIOO)

(3) We of b- (it?ho)
—...—-

coNuriEtm 2.-—

●

.



NACA RM No. LgB24a
.

--.#@mj’v% “’_- ---

(4) Dynemicpressure (O to 15 inches Eg above static pressure)

(5) Transverse acceleration (-5g to +15g)

5

(6) Rate of roll (tlOOO/sec)

In fli~t, the nmdel was traclmd by reiiarto detezmine the fli~t
path ● h &i;ion, one 16-mil~ter h;@-speed
color cemeras were used to obtain nmtion-picture

REHILTS AND DISCUSSION

and two 16-mibier w
records of the flight.

k order to calculate the response of the model with the ~-
actuated control system, it was necessary to make the assumption that
the control motion was in phase with the rolUng motion. The use of
this assmuption s~l.if ied the roll equation of mtion so that an
analytic solution could be applled without having to resort to a
graphical analysis. The method used to calculate the response of the
nmdel to a disturbance Is shown b the appendix. For this anlysis,
the values of the demping mmnent dud to the rollLng velocity L”fl and

the rolling nment due to ailezmn control deflection Lba were obtained

from the 7- by ~-foot wind-tunnel tests of the”model. The moment of
inertia was eqezhumtally determined. A_jlot of the calculated response
of the ~del to a roll displacement of 10°-is shown in figure 5 as
functions of the control gearing ratio K for a theoretical fli@t
Mach mmiber of 0.6. From the @ot of the curves in figure 5 it can
be seen that increasing the control geering ratio
operating frequency without effecting the damping

Wind-Tunnel Tests

The wind-tunnel tests were conducted for the
coribinationthrough a Mach number remge of O.5 to

tend; to increase
of the system.

mcilel-autopilot
0.7. The tests

wem made through the speed range for-e~h cam installation so that
the effect of vaqdng the control gearing ratio could be verified.
During the test runs, the nmdel waA displaced in roll by manually
applying a rolling moment through cables attached to the wing tips.

the

Recofis of the rek of the model to its zero roll referent; fr~m the
displaced position were taken and are shown in figure 6. During the
tests, the model did not trim at the zero roll reference but at sn
angle of bank at which the moment due to the control deflection coun-
teracted the moment due to nmdel misalinement. For the test runs
shown in figures 6(a), (b), and (c), trim comections could be esthated
from the data end the theoretical response curves plotted include these
corrections.

●
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Also affecting the response of he model was the roughness of flow in
the test section of we tunnel due to the comparatively large model size.
This gust condition disturbed the mciielin same .ofthe tests to the extent
that the results could not be compered with a theor@iceL analysis. ti
figures 6(d) end (e), the results indicate that a gust disturbed the model
during the response and no accurate estimate of ,tietrim correction could
be made. The theozwtlcal curves in these cases were calculated having
no ixrimcorrections.

Ccunparisonof the theoretical with the experimental z%ponse curves
shows the oscillating frequency of the nmdel to he higher than predicted
in the theoretical analysis which indicates that the value used for a~a
may have been too low. As K is a constant dependent on the cam employed,
the discrepancy of the oscillating frequency noted appears to be due to
the value used for L%. ~is is further substantiated in ftgures 6(b),

(d.),and (e) because the frequency of the experimental cuz%es in these
figures vartes approximately as the square root of K, which is v4id
when the frequency is detexmiinedfrom equation (8) in the appendix and

(Y
the damping term ~ is neglected.

Flight Tests

flight showed that the
an altitude of abut 4@ feet
pzmfile view of the talm’-
data end is shown in

Test records ail mtion pictures of the
launching was smooth, and the model attained
before booster burn-out end seperathn. The
off of the model was obtained from the radar
figure 7. The horizontal control surfaces were designed for combined
elevator and aileron controls and for this test a 2.50 up-elevator control
setting in -thesecontrol surfaces caused the model to fly in a flattemed
projectile trajectory for appnximately 35 seconds..

The telemeter record indicated that the pulse mecheniam failed in
operation 9 seconds prior to firing, and the vertical aileron controls
remained at zero deflec%ion. Of the remaining channels, the rate-of-roll
tidicator operated i.mpzmperly,and the entfre *lemeter failed after
7.8 seconds of flight. However, sufficient data were obtained to show how
the autopilot operated during boosted flight and for a short period of time
after sustainer ignition. The data obtained f~ the telemeter record,
presented in figure 8, show that there was a sli@t roll oscillation during
boosted flight and immediately after the susttier was ignited. This oscil-
lation demped out at approximately 4.2 seconds, end the model flew with the9
left wing down about 2° after this time. The mximum airspeed attained was

I 660 feet per second which was equivalent to a Mach number ‘of0.577.

For these tests, the over-all telemeter accuracy is based on the
maximum range of the individual chennels. For the angle-of-bank channel,
telemeter eccuracy was M .70,while the accuracy of the total horizontal
aileron deflection was +1.2°. The error involved in reading up the record

,..
●
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therefore could be’of the magnitude given above. However, the relative
error of the point-to-point read-up of the individual channels was io.2°
for the angle of bank and the total aileron deflection records. By
comyaring the angle of b- and.the tileron-control-deflection recordss
It can be seen that they were operationally in phase. No evaluation on
the control geexing ratio could be made as fsLhzrs of the pulEIingmchanism
reduced the disturbance to values where the telemeter accuracy limited the

. abflity to cmupare the rolI disturbance to the amount of control deflection.

For the remainder of the flight, eltiough no telemeter data were
available, the motion pictures showed no discernible roll.

CONCLUDING REWSRRS

The gyro-actuated control system appears to be a practical method for
obtaitig roll stabilization of a subsonic pilotless aircraft. Wind-tunnel
end flight tests show that the system is one in which the control resyo’nse
is in plhasewith the model displacement. Ih order to apply the system to a
supersonic vehicle, en emlysis of the system Trouldhave “to be made in which
the equations of motion would be evsluated for the specific vehicle at the
desired operating velocity. h any case, the degree of stability of the
model-autopilot combination would be a function of the enmunt of aerodynamic
damping and tie control effactiveness of the model. Additional trials of
this systemj particularly in supersonic vehicles, appear warranted.

In application of this system, the contaml-surface bin@ mument of
the test vehicle determines the output requirements of the torque motor,
while the precession rate of the gpmscope caused by this hinge moment
determines the required response characteristics of the torque motor.

Langley Aeronautical k%oratory
National Advisozy Committee for Aeronautics

Langley Air Force Base, Va.

+
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APPENDIX

ME?I!HODFOR CALCULATING THEORETICAL ROLL
.

OF MXllELWTI’HA GYRO-ACTUATED CONTR3L
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The autopilot was designed with intercban&able team to obtain selective
proportionality between the mgle of bank end control deflection. Eeoh cem
maintatied its control gearing ratio between the ‘l”~ts of t20° total aileron
deflection. At these limits, the aileron deflecti.onremained constsnt with
increase in engle of bank. In order to represent this in the analysis, the
equations were set

Condition 1 -

Conditl.on2 -

up for the following conditions:

Condmnt aileron control; ~a = 20°

Proportion ailezmn control; ba = -~

In Mdition, the assumption that there was no phase shift between
the engle of bank and the control deflection was made.

In order to correct the results for’constmzction misalinement which :

caused en out-of-trim rolling moment ~ to be imposed on the model

during the tests, it was necess~ that the trim angle ~ be obtained

from the test records. From this information tQe out-of-trh moment was
●

calculated to be

The equation for the mll response of
freedom is

(1) ,.,
.-—

the model for one degree of

-q=o (2)

—— ..-: =-7

Solution of this equation for condition 1 yields

(3)

.
--

.

— —
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For condition 2, equation (2) takes the fomn

(rx&p+EL,. J@=%

.

9

(5)

which has as its solution

where

A=- %
21X (7)

- @e~d E@e”are determined from the end

(8)

conditions obtained from

equations (3) emd (4) of condition 1.

Fzmm equation (6) a plot of @ against time can be made for the
conditicm where the aileron deflection is Drommtional to the @e of
bank. Using this, contxtnedwith a plot of-eq~ation (3), the ent~ plot
of the roll response of the
shown in figure 6.

The quantities used in

model can he obtained, examples.of which are

the foregoing calculations are as follows:

@ mgle of bed, radisns

@o initial aagle of bsnk, radians

de final sngle of bank determined from condition 1, radiens

jif~ trim angle of

6a tota3 aileron

b-, radians

control deflection, rsdians

----
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K

D

A,B

I
M

rate of change

foot-pounds

rate of change

~A3 ..1

“-—”-.:=
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of rolling moment with total aileron control deflection
—

per radien()pL_
a6a

#

of rolling moment with angular rolling velocity, foot-

()bLpounds per radian per second —~.

out-of-trim moment, foot-pounds

moment of inertia about longitudinal body 0s3.s,slug-feet2

natur~ logerIthm (2.7183)

thne, seconds

control gearing ()ratio K = -
?

. . .

()~diffemmtlal operator ~t

constants

Mach nwiber

.

.... . .... .

.

.
--
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M3del weight, pounds:
Forwind-tunnel tests... . . . . . . . . . . . . . . . . . lg2
For flight test, loaded... . . . . . . . . . . . . . . . . 468

Booster weight,pounds.. . . . . . . . . . . . . . . . . . . . 400
wing:

Area, squere feet (incluMng fuselage) . . . . . . . . . . . . 7.13
Span, feet . . . . . . . . . . . . . . . . . . . . . . . . . 5.72
Aspect ratio . . . . . . . . . . . . . . . . . . . .. . . . 4.58
Airfoil section*...... . . . . . . . . . . . . . . . NACA 16-009
Root chord, inches . . . . . . . . . . . . . . . . . . . . . . 21.88
Tipchord, inches . . . . . . . . . . . . . . . . . . . . . . 6.09
Taper ratio.....:.. . . . . . . . . . . . . . . . . . 0.278
Meaaerodynemic chord, inche~ . . . . . . . . . . . . . . . . 15.70
sweeptmck, 25-percent chord, degrees . . . . . . . . . . . . . 41
Incidence, degrees . . . . . . . . . . . . . . . . . . . . . .
Wing loading (model only), pounds per square foot . . . . . . 65.;

Control surface:
T~e . ..**. ● . . . . . . . . . . . . . . . . Plain flap

*’ >Spanj~tie% wingspen (plan) . . . . . . . . . . . . . . . .

I

’23
Chord, percent wing chord at inboard end . . . . . . . . . . . 15.7
Chord, percent wing chord at outboati end . . . . . . . . . . 26.7

selage:
Length, inches . . . . . . . . . . . . . . . . . . . . . . . . )220
MaMmumdiemter, inches. . . . . . . . . . . . . . . . . . . 20

Center-of-gravity location:
Behind nose of fuselage, inches . . . . . . . . . . . . . . . 66
Above center line of nmdel, inches:

J?orwind-tunnel tests. . . . . . . . . . . . . . . . . . . 0●41
For flight.test . . . . . . . . . . . . . . . . . . . . . . 0.17,

Rolling nrnuentof inertia Ix, slug-feet2:
,

Forwind-tunnel tests... . . . . . . . . . . . . . . . . . 6.95
For flight best . . . . . . . . . . . . . . . . . . . . . . . 7.30

~
.

d
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Figure 4.- Wind-tuunel installation of the rmlel.
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-0 .2 .4 .6 .8 z“ L2 L4
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(d) K=l; M=06 ; [~ = -3zif7f%@7%Xj!/35c’ ; L& = 407fw5s/P4’i’i7!
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